Myocardial fibrosis after myocardial infarction (MI) is a leading cause of heart diseases.
| INTRODUCTION
Myocardial infarction (MI) is a leading cause of sudden death.
Myocardial fibrosis is an important pathological change after MI, and excess fibrosis could lead to ventricular dilation, infarct expansion, and heart failure and even death.
1,2 Therefore, inhibiting or limiting cardiac fibrosis after MI is important to imporving heart fucntion and reducing the mortality. 3, 4 MicroRNAs (miRNAs) are 20-23 nucleotides long and act as negative regulator of gene expression by enhancing mRNA degradation or/and inhibiting mRNA translation. 5 Due to their power to modulate gene expression, it is not surprising that miRNAs participate in various pathological processes, including myocardial fibrosis. [6] [7] [8] Among several miRNAs implicated in myocardial fibrosis, miR-21 has attracted particular attention because its targets play important role in the fibrosis in multiple organs such as the kidney, the liver and the lung. [9] [10] [11] A very recent study reported that miR-21 promoted cardiac fibrosis after MI via targeting Smad7. 12 This finding is expected given that transforming growth factor-b1 (TGF-b1) signalling is a key regulator of cardiac repair and fibrosis after MI. TGF-b1 is significantly up-regulated in cardiac fibroblasts (CFs) after MI and it promotes CF to myofibroblast transformation (CMT) through TGF-b1/Smad3 pathway. During CMT, CFs are activated to transform into myofibroblasts that highly express a-smooth muscle actin (a-SMA), leading to excessive collagen deposition in fibrotic myocardium. 13, 14 Considering that miRNAs usually target a variety of targets to regulate physiological and pathological processes, we wondered that miR-21 may target other signalling pathways involved in myocardial fibrosis. Notch is a highly conserved intercellular signalling pathway and has been implicated in tissue fibrosis in various disease conditions such as scleroderma, lung fibrosis, kidney fibrosis, liver fibrosis and cardiac fibrosis. 15, 16 Interestingly, Notch ligand jagged1 has been suggested as a direct target of miR-21 in breast cancer cells. 17 However, the direct link between miR-21 and Notch signalling in the regulation of myocardial fibrosis remains unclear. Therefore, in this study we aimed to investigate whether miR-21 regulates myocardial fibrosis by targeting Notch/Jagged1 signalling pathway.
| MATERIALS AND METHODS

| Culture of primary rat CFs
All animal experiments were performed in accordance with the guidelines of NIH and under approved protocols of the Animal Care and Use Committee of Nanchang University. Primary rat CFs were isolated from Sprague-Dawley rats (1-3 days old) using a protocol previously described. 18 CFs were cultured in Dulbecco's modified Eagle's medium (DMEM, HyClone) supplemented with 10% foetal bovine serum (FBS) in a humidified atmosphere with 5% CO2 at 37°C. Only CFs with no more than three passages were used in this study. Ad-miR-21 sponge, Ad-shJag1 (siJag1) and Ad-GFP were propagated in HEK293 cells, purified and the titre of virus was measured by plaque assays. For adenovirus infection, the MOI was 50 for all adenovirus and the medium was replaced 4 hours post-infection with complete medium.
| Construction of recombinant adenoviruses
| Rat MI model
Myocardial infarction model was established in male Sprague-Dawley (SD) rats using left anterior descending coronary artery (LAD) ligation method as described previously. 19 The rats were anesthetized with sodium pentobarbital (60 mg/kg, ip) and a thoracotomy was performed. A 26-gauge needle containing 200 lL of diluted adenoviruses (3 9 10 10 pfu/mL) or sterile saline was advanced from the apex of the left ventricle to the aortic root. The aorta and main pulmonary arteries were clamped for 10 seconds distal to the site of the injector and solution injected, and then the chest was closed.
The hearts underwent hemodynamic studies at day 4 after the injection of the adenovirus.
| Echocardiographic measurement
At the time points of before surgery, 4 weeks after the surgery, System. All measurements were averaged over three consecutive cardiac cycles.
| Histological analysis
After rats were adequately anesthetized, thoracotomy was conducted and the hearts were collected. For histological staining, the hearts were sliced along the short-axis plane at the level of one-third of the distance from the atrioventricular ring to the apex. The hearts were then fixed in 4% paraformaldehyde, embedded with paraffin, and cut into 5 mm thick sections along the centre of the fibrotic scar. Masson's trichrome staining was performed to evaluate collagen deposition. Five sections were randomly selected from each rat of total three rats in each group. All quantitative evaluations were carried out by ImagePro Plus software (version 6.0, Media Cybernetics, Bethesda, MD, USA).
| CCK-8 assay
CFs were seeded in 96-well culture plate at a density of 2 9 10 3 cells/well and cultured in a humidified chamber at 37°C. Each day ZHOU ET AL.
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for seven consecutive days, viable cells were detected with CCK-8
Assay (Dojindo, Japan) according to the manufacturer's instructions.
CCK-8 solution was added to the cells in 96-well plate and the plates were incubated at 37°C for 4 hours, and the optical density of each well was read at 450 nm using a microplate reader (Molecular Devices, USA).
| Cell invasion assay
Cardiac fibroblasts were resuspended in DMEM supplemented with 1% FBS at density of 5 
| PCR
Total RNA was extracted from CFs using Trizol (Invitrogen). RNA concentration and purity was determined using Thermo NanoDrop 2000. cDNAs were synthesized using 1 lg total RNA, reverse transcriptase (Fermentas) and Oligo-dT primer. Real-time PCR was performed using SYBR Premix (Invitrogen) and following primers: 
| Western blot analysis
Total protein was isolated from CFs and quantitated by BSA method.
50 lg proteins were separated on a 10% SDS-PAGE and transferred to PVDF membranes (Millipore, USA). The membranes were incubated with antibodies for Vimentin, DDR2, a-SMA, tensin and GAPDH (all from CST) and antibodies for Jagged1 (from Abcam) at F I G U R E 1 miR-21 is up-regulated by TGF-b1 and targets Jagged1 in rat CFs. A, Rat CFs were treated with TGF-b1 and the expression of miR-21 was detected by real-time PCR. *P < .05 vs Control. B, Left: Jagged1 3 0 -UTR luciferase reporter construct. Right: Luciferase assay of luciferase activity in CFs treated with control or miR-21 mimic. Data were presented as mean AE SD (n = 3). *P < .05 vs Control in WT, # P > .05 vs Control in Mut. C, Rat CFs were treated with Ad-GFP as control or Ad-miR-21 sponge, and the efficiency of adenovirus transduction was measured based on GFP positive cells. The protein expression of Jagged1 was detected by Western blot analysis. GAPDH was loading control. Data were presented as mean AE SD (n = 3). *P < .05 vs Ad-GFP 4°C overnight. The membranes were washed with TBST and then incubated with HRP conjugated secondary antibodies (Sigma, USA) at room temperature for 1 hour. The membranes were exposed using ECL kit (Pierce, Rockford, IL, USA) and blots were quantified using Image.plus5.1 software. 
|
| Statistical analysis
All data were presented as mean AE SD and analysed by SPSS 11.0 statistical software. Differences among various treatment groups were compared by one-way ANOVA.
Differences were considered significant at P < .05.
| RESULTS
| miR-21 is up-regulated by TGF-b1 and targets
Jagged1 in rat CFs
To understand the role of miR-21 in CMT, first we treated rat CFs with TGF-b1 which is known to induce CMT. We observed that TGF-b1 significantly increased the expression of miR-21 ( Figure 1A ).
Because miR-21 has been shown to target Notch ligand jagged1 in breast cancer cells, 17 we wondered whether miR-21 also targets jagged1 in CFs. We predicted putative binding site of miR-21 in 3 0 -UTR of Jagged1 and made wild-type and mutant luciferase reporter constructs. Luciferase assay showed that miR-21 mimic significantly inhibited luciferase activity of wild-type Jagged1 3 0 -UTR construct but had no significant effects on the activity of mutant Jagged1 3 0 -UTR construct in CFs ( Figure 1B ). Furthermore, Jagged1 protein level was significantly higher in rat CFs treated with adenovirus that carried miR-21 sponge (inhibitor) than in rat CFs treated with adenovirus that carried GFP as the control ( Figure 1C ). Collectively, these data suggest that TGF-b1 induces the expression of miR-21 which then inhibits the expression of Jagged1.
| miR-21 promotes CMT of rat CFs
Next we examined the changes of the phenotypes of rat CFs after the inhibition of miR-21. We found that Ad-miR-21 sponge significantly reduced the proliferation of CFs (Figure 2A) . Furthermore, Transwell assay showed that Ad-miR-21 sponge significantly F I G U R E 2 miR-21 promotes CMT of rat CFs. A, CCK8 assay of the proliferation of CFs treated with Ad-GFP as control or Ad-miR-21 sponge. B, Transwell assay of the invasion of CFs treated with Ad-GFP as control or Ad-miR-21 sponge. C, Realtime PCR analysis of the expression of CMT markers in CFs treated with Ad-GFP as control or Ad-miR-21 sponge. All data were presented as mean AE SD (n = 3). *P < .05 vs Ad-GFP decreased the invasion of CFs ( Figure 2B ). In addition, real-time PCR analysis showed that Ad-miR-21 sponge significantly increased the expression of fibroblast markers vimentin and Discoidin Domain Receptor 2 (DDR2) but decreased the expression of myofibroblast markers a-SMA and tensin ( Figure 2C ). These data indicate that miR-21 promotes the transition of rat CFs into myofibroblasts.
| miR-21 mediates the effects of TGF-b1 to promote the proliferation and invasion and inhibit Jagged1 expression in CFs
Since TGF-b1 induced miR-21 expression, we wondered whether biological effects of TGF-b1 on CFs are mediated by miR-21. Western blot analysis showed that TGF-b1 inhibited Jagged1 protein expression in rat CFs, but the inhibition was abolished in CFs treated with Ad-miR-21 sponge ( Figure 3A) . Moreover, real-time PCR
showed that TGF-b1 inhibited Jagged1 mRNA expression in rat CFs, but the inhibition was abolished in CFs treated with Ad-miR-21 sponge ( Figure 3B ).
While TGF-b1 treatment stimulated the proliferation of CFs, AdmiR-21 sponge significantly attenuated the stimulating effect of TGF-b1 on the proliferation of CFs ( Figure 3C ). By transwell assay we found that TGF-b1 treatment stimulated the invasion of CFs, but Ad-miR-21 sponge nearly abolished the stimulating effect of TGF-b1 on the invasion of CFs ( Figure 3D ). Taken together, these results suggest that biological effects of TGF-b1 on CFs are mediated by miR-21.
| miR-21 mediates TGF-b1 induced changes of CMT markers of rat CFs
To understand whether miR-21 mediates TGF-b1 induced CMT of rat CFs, we detected the markers of CMT. Western blot analysis
showed that TGF-b1 decreased protein levels of fibroblast markers vimentin and DDR2 but increased protein levels of myofibroblast markers a-SMA and tensin. However, Ad-miR-21 sponge increased protein levels of vimentin and DDR2 but decreased protein levels of a-SMA and tensin in CFs treated with TGF-b1 ( Figure 4A ). Real-time PCR confirmed that TGF-b1 decreased mRNA expression of fibroblast markers vimentin and DDR2 but increased mRNA expression of myofibroblast markers a-SMA and tensin. However, Ad-miR-21
sponge increased mRNA expression of vimentin and DDR2 but F I G U R E 3 miR-21 inhibitor abrogates the biological effects of TGF-b1 in rat CFs. A, Rat CFs were treated with TGF-b1 or/ and Ad-miR-21 sponge, and protein expression of Jagged1 was detected by Western blot analysis. GAPDH was loading control. Data were presented as mean AE SD (n = 3). *P < .05 vs Control without any treatment. 
| miR-21 mediates TGF-b1 induced CMT by targeting Jagged1
To test our hypothesis that miR-21 mediates TGF-b1 induced CMT by targeting Jagged1, first we detected the expression of Jagged1 in CFs treated with TGF-b1, Ad-miR-21 sponge, or/and siJagged1.
TGF-b1 inhibited Jagged1 protein expression and this was antagonized by Ad-miR-21 sponge, and Jagged1 protein expression was very low after treatment with siJagged1 ( Figure 5A ). Similarly, TGFb1 inhibited Jagged1 mRNA expression and this was antagonized by Ad-miR-21 sponge, and Jagged1 mRNA expression was very low after treatment with siJagged1 ( Figure 5B ).
Next we examined the phenotypes of CFs treated with TGFb1, Ad-miR-21 sponge, or/and siJagged1. We found that Ad-miR-21 sponge significantly reduced TGF-b1 induced proliferation of CFs, but the inhibition was abolished by siJagged1 ( Figure 5C ).
Transwell assay showed that Ad-miR-21 sponge significantly decreased TGF-b1 induced invasion of CFs, but the inhibition was abolished by siJagged1 ( Figure 5D ). Furthermore, we detected CMT markers in CFs treated with TGF-b1, Ad-miR-21 sponge, or/ and siJagged1. Western blot analysis showed that Ad-miR-21 sponge significantly increased protein levels of fibroblast markers vimentin and DDR2 and decreased protein levels of myofibroblast markers a-SMA and tensin, but these changed were reversed by siJagged1 ( Figure 5E ). Similarly, Ad-miR-21 sponge significantly increased mRNA levels of vimentin and DDR2 and decreased mRNA levels of a-SMA and tensin, but these changed were reversed by siJagged ( Figure 5F ). Collectively, these data indicate that TGF-b1 induced CMT is mediated by miR-21 through the targeting of Jagged1 by miR-21.
| miR-21 promotes myocardial fibrosis in vivo by targeting Jagged1
Finally, we examined the functional interaction of miR-21 and Jagged1 in vivo in rat MI model. In control MI model rats treated with Ad-GFP, we observed obvious heart dysfunction. The dysfunction in model rats was partly improved by treatment with Ad-miR-21 sponge (knockdown of miR-21) but was aggravated by Ad-shJAG1 (knockdown of Jagged1), and was nearly the same as that in rat treated with both Ad-miR-21 sponge and Ad-shJAG1 because knockdown of miR-21 and knockdown of Jagged1 neutralized each other ( Figure 6A ). Histological analysis showed myocardial fibrosis in model rats treated with Ad-GFP, myocardial fibrosis was partly improved by treatment with Ad-miR-21 sponge but was aggravated by AdshJAG1, and was nearly the same as that in rat treated with both Ad-miR-21 sponge and Ad-shJAG1 ( Figure 6B ). Taken together, these results indicate that miR-21 promotes myocardial fibrosis in vivo by targeting Jagged1.
| DISCUSSION
Myocardial fibrosis is an important pathological process following heart attack. Currently it is generally considered that CMT is a crucial event in the initiation of myocardial fibrosis. TGF-b1 signalling is a well-known pathway that could induce CMT and promotes myocardial fibrosis. 4 On the other hand, recent studies indicate that Notch signalling inhibits CMT and alleviates myocardial fibrosis. 18, 19 However, the underlying mechanism by which TGF-b1 and Notch Finally, in rat model we confirmed that miR-21 promoted myocardial fibrosis by targeting Jagged1.
In this study, we first demonstrated that TGF-b1 induced miR- We went on to demonstrate that siRNA mediated knockdown of Jagged1 could abolish the effects of Ad-miR-21 sponge to upregulate Jagged1 expression and inhibit CMT in rat CFs. Furthermore, in rat MI models we demonstrated that heart dysfunction and myocardial fibrosis got aggravated by Ad-shJAG1 mediated knockdown of Jagged1 but got improved by Ad-miR-21 sponge mediated loss of miR-21. These data indicate that miR-21 mediates TGF-b1 induced CMT and myocardial fibrosis by targeting Jagged1.
Up to now, a series of miRNAs have been reported to target Jagged1, but most of these identified miRNAs function to inhibit F I G U R E 5 Knockdown of Jagged1 antagonizes the biological effects of miR-21 inhibitor in rat CFs. A, Rat CFs were treated with TGFb1, Ad-miR-21 sponge or/and siRNA for Jagged1, and protein expression of Jagged1 was detected by Western blot analysis. GAPDH was loading control. Data were presented as mean AE SD (n = 3). **P < .01 vs TGF-b1 treatment only.
# P > .05 vs TGF-b1+ siJag1. B, mRNA expression of Jagged1 was detected by real-time PCR. Data were presented as mean AE SD (n = 3). **P < .01 vs TGF-b1 treatment only. expression by directly targeting its 3 0 -UTR and inhibited multiple myeloma. 21 More recently, miR-34a was reported to bind to 3 0 -UTR of Jagged1 and attenuated the migration and invasion of colon cancer cells. 22 However, the targeting of Jagged1 by miRNAs in the regulation of myocardial fibrosis has not been reported. Therefore, our study is the first to demonstrate that miR- In summary, this study for the first time reveals that miR-21 mediates TGF-b1 induced CMT and myocardial fibrosis by targeting Jagged1. miR-21 and Jagged1 are potential therapeutic targets for myocardial fibrosis.
